Introduction
In steelmaking processes, CaO-based slag is often used for removing impurities such as phosphorus and sulfur from steel. The slag is produced by dissolving various solid oxides, such as quicklime and dolomite. The dissolution rate of these oxides in a molten slag plays an important role in increasing the reaction rate between the steel and slag, decreasing the amount of flux and energy consumptions, and reducing slag emission, and so on. Though the rate of lime dissolution affects the rate of phosphorus removal from the hot metal, [1] [2] [3] [4] [5] [6] [7] [8] a part of the lime added as a flux, still exists without dissolution after steel refining. The low dissolution rate of lime during the pretreatment process of hot metal became particularly evident after the restrictions concerning the use of fluorites came into effect.
In order to meet this challenge, dissolution rates of various solid oxides have been investigated. Commonly, the dissolution rates were determined on the basis of the decrease in the diameter of a sintered oxide rod immersed and rotated in the slag. [9] [10] [11] [12] [13] (Received on February 25, 2017 ; accepted on June 8, 2017 ; J-STAGE Advance published date: September 1, 2017) In steelmaking processes, quicklime is generally used to produce CaO-based slags, and its dissolution rate is important for steel refining. The dissolution rate of quicklime is conventionally measured by the rotating cylinder method using dense and hard lime samples which gives rates that are slower than estimated rates from the actual operation. The authors established a new method to measure the dissolution rate of quicklime by measuring the variation of slag composition and reported that the quicklime used in the actual operation had a much higher dissolving rate than that of completely calcined quicklime. The significant increase of the dissolution rate was caused by gas formation from the quicklime due to the thermal decomposition of residual limestone existing in quicklime. In this study, the dissolution rate of quicklime with the accompanying gas formation is quantitatively investigated by using quicklimes with different CO 2 contents produced by a rotary kiln process through the direct observation of the dissolution behavior of quicklime particles and the change of the CaO content in the slag. The results revealed that quicklime emits the gas in two steps, and the second occurrence of gas formation effectively enhances the quicklime dissolution. The weight of the CaCO 3 core differed among particles from the same grade of quicklime, and the corresponding dissolution rates were different as well. The dissolution rates of quicklime during the second foaming, however, were 5-10 times higher than without foaming and were similar regardless of the CO 2 content in a quicklime particle.
KEY WORDS: quicklime dissolution; dicalcium silicate (C 2 S); internal gas formation; acceleration; burnt lime; CO 2 ; steelmaking; hot metal pretreatment. dissolution rate of sintered lime in a slag. 9) They found that the dissolution rate increases with an increase in the rotation rate and temperature. However, these experiments were carried out using dense sintered samples, whereas industrial fluxes are porous and non-uniform in structure. The rates measured in these studies with dense oxides samples are small compared to a rate estimated based on the actual industrial process. 9) Here, the authors developed a more accurate experimental technique for measuring the dissolution rates of porous or fragile oxides in a molten slag. 14) In this technique, the dissolution rate is determined by the compositional change of the molten slag after the addition of an oxide. This technique was applied to CaO. [14] [15] [16] [17] [18] These experiments showed that the dissolution rates of dense and porous lime in CaO-SiO 2 -FeO slag are comparable when a dicalcium silicate (C 2 S) layer is formed around the lime additives. However, the dissolution rate of porous materials is generally faster than that of dense materials. Notably, the dissolution rate of porous lime is faster than that of its dense counterpart in the case of dissolution in a CaO-B 2 O 3 -FeO system slag. In this particular case, no intermediate layer is formed between the lime and slag. 15) Therefore, the C 2 S layer inhibits the dissolution of lime in the molten slag. Furthermore, Guo et al. reported that the dissolution rate of lime in CaO-Al 2 O 3 -SiO 2 -based slag is limited when an interfacial layer is formed between the lime and slag through in-situ observations with a confocal scanning laser microscope. [19] [20] [21] As noted before, the dissolution rate of quicklime used in the industrial process is much higher than that of the porous and dense lime produced in a laboratory. 15, 22) An in-situ observation revealed that quicklime used in the industrial process dissolves in the molten slag with gas formation. 15, 23, 24) This gas formation is caused by the thermal decomposition of a CaCO 3 core that exists in the center of added quicklime particles. Deng et al. measured the dissolution rate of limestone (CaCO 3 ) in steelmaking slag, 25, 26) and they concluded that the addition of limestone to a molten slag instead of quicklime particles is unfavorable, because the dissolution rate of limestone is low in spite of gas formation from the limestone. Therefore, it is considered that CaCO 3 may exist as a core in quicklime particles for rapid dissolution in the molten slag. However, the acceleration mechanism of the quicklime dissolution in the molten slag and the effect of the CaCO 3 core in quicklime particles on the dissolution rate are yet to be investigated. Therefore, the purpose of this study is to clarify the factors responsible for enhancing the dissolution rate of quicklime in the molten slag. In this study, we first determine the weight distribution and CO 2 content of quicklime particles from three kinds of quicklime. The dissolution rate of quicklime particles in the molten slag was then measured and finally, the acceleration mechanism of quicklime dissolution was analyzed through in-situ observation of the dissolution behavior.
Experimental Procedure
The method employed in this study to measure the dissolution rate of quicklime in the molten slag is the same one used in previous studies. [14] [15] [16] [17] [18] 22, 27) Figure 1 shows a schematic diagram of the experimental apparatus for measuring the dissolution rate of quicklime and observing the dissolution behavior of quicklime particles. A mullite tube (Φ50 mm O.D. × Φ42 mm I.D. × 1 000 mm) furnace with a SiC spiral heating element was used. The dissolution rate of quicklime was measured according to the following procedure: Synthesized slag (100 g) was melted in an iron crucible with an inner diameter of 35 mm at 1 673 K. After the slag was molten, 50 mL/min of Ar gas was introduced into the slag for stirring. Then a quicklime particle kept at room temperature was dropped into the molten slag from the top of the furnace. The slag was sampled using a molybdenum sampling tool at certain intervals and eventually quenched. The composition of the sampled slag was analyzed by X-ray fluorescence analysis (XRF) using the 1:10 dilution glass beads method after fine grinding. The dissolution rate was determined based on the variations of the CaO content in the molten slag. Cross section of sampled slags were observed and compositions of mineral phases in the slag were determined by Electron Probe Micro Analyzer (EPMA). During the dissolution experiment, a movie of the dissolution behavior was recorded from the top of the furnace by using a digital camera. The recorded images were used to analyze the gas formation behavior of the dissolved lime.
Three different grades of quicklime produced by a rotary kiln process were used to investigate the effect of CO 2 content on the dissolution rate of quicklime particles in the molten slag. The average CO 2 content in these three grades of quicklime were 2, 4, and 9 wt%, which were determined by the combustion infrared detection technique using crushed and well-mixed samples of about 10 kg. Additional to the three types quicklime of samples, a completely calcined quicklime sample (i.e. 0 wt% CO 2 ) was used. This sample was prepared by heating quicklime with 2 wt% CO 2 to 1 273 K for one hour in air. A CaO-FeO-SiO 2 system slag was employed. The initial slag composition was set to 20 wt%CaO-40 wt%FeO-40 wt%SiO 2 . This composition is located in the liquidus area of the CaO-FeO-SiO 2 phase diagram at 1 673 K. The slag was prepared by melting a mixture of reagent grade oxide powders in an iron crucible at 1 673 K under Ar atmosphere for 1 h.
The weights of the quicklime particles and the CaCO 3 cores inside the quicklime particles were determined individually for each particle. Since the three grades of quicklime were produced by an endothermic reaction (i.e., the thermal decomposition of CaCO 3 ), which proceeds from the outside of a particle to its inside, un-decomposed CaCO 3 can be found as core of the quicklime particles. Such a particle is shown in Fig. 2 , in which, in which the CaO phase is colored by thymolphthalein. The CaCO 3 core can be extracted from a quicklime particle by utilizing a solubility difference. The solubility of CaCO 3 and Ca(OH) 2 are 0.0015 and 0.17 g in 100-cm 3 water at 298 K, respectively. Thus, only the CaCO 3 core remains when the quicklime is dissolved in water. Figure 3 shows the weight distributions of quicklime particles for the different CO 2 content in the three grades of quicklime. Most particles were found in the weight class of 0.5-3.0, 1.5-4.0, and 2.0-5.0 g for the 2-, 4-, and 9%-CO 2 grade quicklime, respectively. The weight distribution of 2-and 4%-CO 2 grade quicklime particles can be expressed by a log-normal distribution function. The 9%-CO 2 grade sample shows a wide distribution of particle weights. The mean weights are 1.75, 2.43, and 4.37 g, and the mode weights resulting from the fit with a log-normal size distribution are 1.30, 2.07, and 3.40 g in 2-, 4-, and 9%-CO 2 grade, respectively. These results indicate that quicklime particles with a high CO 2 content tend to be heavier than particles with a lower content of CO 2 . Figure 4 shows the weights of CaCO 3 cores and the CO 2 content in the three grades of quicklime as a function of quicklime particle weight before dissolving in water. The CO 2 content in the particles was calculated from the weight of the extracted CaCO 3 core multiplied with the molecular weight ratio of CaCO 3 and CO 2 . In the cases of 2 and 4%-CO 2 grade, the weight of quicklime particles was mostly in the range from 0.5 to 5.0 g. The weights of the CaCO 3 core were spread out from 0.0 to 1.5 g. The CO 2 content was also broadly distributed, in this case from 0 to 20 wt%. The right figure parts in Fig. 4 show the relative frequency distributions of the CO 2 content in quicklime particles. It is clarified that about half of the quicklime particles contain less than 0.5 wt% of CO 2 in the CaCO 3 core. Further less than 10% of particles contain the same amount of CO 2 as indicated by the quicklime grade. All other particles have a CaCO 3 core with a larger equivalent CO 2 content than that indicated by the quicklime grade. As a result, the average CO 2 contents in well-mixed quicklime are 2 and 4%. In other words, half of the quicklime particles are completely calcined, while the remaining particles have a CO 2 content exceeding 2 and 4%.
Results and Discussion

Characterization of Quicklime
In the case of 9%-CO 2 grade, the weights of the quicklime particles were mostly found in the range from 2.0 to 10.0 g. The weight of the CaCO 3 cores is distributed from 0.0 to 9.0 g and the larger particles clearly have a larger core when compared with the particles from the 2 and 4%-CO 2 grade of quicklime. The CO 2 content is also broadly distributed, i.e. from 0 to 45%. Only less than 10% particles have no CaCO 3 core and more than 90% of the particles have cores where the CO 2 content is equivalent to more than 20% of the particle mass. Figure 5 shows the dissolution behavior of a 4%-CO 2 quicklime particle in the molten slag. Before immersing the quicklime particle, only the gas injection tube, edge of the iron crucible, and injected gas bubbles on the slag surface were observed. After the quicklime particle was immersed, the bubble formation around the quicklime particle started immediately and slag foams became visible. This phenomenon is called "first foaming" hereafter. At 33 s, the first foaming was completed and injected bubbles were observed the same as before immersing. At 45 s, gas formation started again and slag foams could be observed, as shown at 53 s. This phenomenon is called "second foaming" hereafter. The second foaming was much stronger than the first foaming and the edge of the iron crucible became temporarily invisible because a large number of bubbles in the liquid slag phase caused the slag to overflow from the iron crucible. At 90 s, the second foaming terminated and only the edge of the iron crucible and injected bubbles on the slag surface were observed, as shown at 96 s and as in the initial period. Interestingly, the second foaming was not observed when preheated lime was dissolved in the molten slag. From our observation, it is revealed that the dissolution of quicklime proceeds with two occurrences of gas formation and slag foams. Figure 6 shows the variation of the CaO content in the molten slag after the immersion of a 9%-CO 2 quicklime particle. The weight of the particle and the slag was 4.86 g and 100 g, respectively. The initial CaO content in the slag was 20%, It increased with time and reached about 24% after a lapse of 200 s. In the state of the system after 200 s, nearly all of the quicklime might have been dissolved and become part of the molten slag. The periods of the first and second foaming are displayed in the figure and the rate of increase of the CaO content is clearly enhanced during the second foaming. Figure 7 shows variations of the increments of the CaO content in the slag along with the periods of gas formation. The increment of the CaO content in the slag is defined as the difference of the CaO content at time t and the initial CaO content: shown. The thick horizontal lines in the upper part of the figure indicate the observed durations of the first and second foaming. Unlike all other cases, no gas formation was observed for of 0%-CO 2 grade. The CaO content in the slag increased with time in all four cases. The CaO content in some sampled slags was specifically large when compared to most of the other sampled slags. In EPMA measurements of these samples, CaO-rich phases, such as dicalcium silicate or calico-wustite, was observed, though a uniform phase is commonly observed in this type of slag samples. It is assumed that these CaO-rich phases were originate from samples with undissolved quicklime in contact with the slag which were incidentally collected. Therefore, in the following analysis, the dissolution rates were evaluated neglecting the slag samples with a specifically large CaO content. For the case of 0%-CO 2 , all samples show a similar variation of the increment of CaO content as shown in Fig.  7(a) . On the other hand, the data of 2, 4, and 9%-CO 2 grade quicklime vary significantly depending on the sample. The behavior of the 2%-CO 2 sample with a weight of 1.90 g as shown in Fig. 7(b) was similar to the behavior of a preheated sample, i.e., 0%-CO 2 . In this case, only the first foaming was observed. On the other hand, the dissolution rates of the other samples were much higher. In these cases, both, the first and second foaming were observed. The gradient of the CaO content became particular high during the second foaming. These results indicate that the second forming enhances the dissolution of quicklime into molten slag.
Observation of the Quicklime Dissolution Behavior
Dissolution Rates of Quicklime
Discussions
Dissolution Rates of Various Quicklime
The dissolved weight of quicklime particles during t-Δt~t, W lime,t − W lime,t-Δt , can be calculated by the following mass balance. where, W slag,t is the slag weight present in the crucible at the sampling time t, W lime,t is the weight of the undissolved quicklime at sampling time t, W sampled is the average sampled weight of the slag at each sampling, which is assumed to be 3.0 g. The slag weight present in the crucible at the sampling time can be calculated by this relation. The average dissolution rate of quicklime from initial to steady state is defined by the following equation. (4) where, r and A are the radius and surface area of a quicklime particle, respectively. Subscripts 0 and std denote an initial value (i.e., t = 0) and the value at the steady state, respectively. Figure 8 shows the average dissolution rates of quicklime particles from various quicklime grades. The average dissolution rates vary from 0.02 to 0.14 cm/min. The average dissolution rate of 0%-CO 2 quicklime is about 0.02 cm/min. This rate corresponds to the base rate of quicklime dissolution when no second foaming is observed. When the second foaming is observed, the dissolution rates of quicklime are higher than that of 0%-CO 2 quicklime. One of the 2%-CO 2 quicklime particles had a rate comparable to that of 0%-CO 2 quicklime. In this case, likewise no second foaming was observed. This fact indicates that the second foaming is important for enhancing the dissolution of quicklime. However, the effect of the average CO 2 content on the dissolution rate is unobvious under the conditions of this study, since the CO 2 of some sampled quicklime particles deviated significantly from this average value.
The average dissolution rate of quicklime during the second foaming can be determined based on Eq. (4) by using the composition of the slag during the second foaming. In this case, the dissolution area A is determined by using the average radius between the start and end of the second foaming, which is estimated based on the CaO content in slag. Figure 9 shows the dissolution rates of various quicklime particles during the second foaming. Rates for the cases without second foaming, namely all of the 0%-CO 2 samples and one of the 2%-CO 2 quicklime particles, are indicated as 0. The rates during the second foaming have similar values regardless of the sample. The mean value is 0.175 cm/min. The base rate, as shown in Fig. 8 , was 0.025 cm/s. Therefore, the second foaming accelerates the dissolution of quicklime by more than five times.
Acceleration Mechanism of the Quicklime Dissolu-
tion Quicklime is produced from limestone (CaCO 3 ) particles by calcination. Afterwards, the particles mainly consist of CaO. The calcination reaction starts from the surface of limestone and takes place at a definite boundary between CaO and CaCO 3 phases. 28) Therefore, if the calcination reaction is performed incompletely, a CaCO 3 core exists in the center of a quicklime particle, as shown in Fig. 2 . On the other hand, it is well known that CaO is unstable in air atmosphere, and CaO reacts easily with H 2 O or CO 2 in air. In consequence, a layer of Ca(OH) 2 or CaCO 3 forms at the surface of quicklime particle. These reaction products then release the gasses during thermal decomposition when the quicklime particle gets in contact with the high-temperature slag as expressed by the following formulae. Therefore, it is considered that the quicklime particles have a triple-layer structure, as shown in Fig. 10 . In the center of a quicklime particle, a CaCO 3 core exists, which is un-decomposed limestone from the calcination process. The middle layer consists of CaO, which is formed during the calcination process. The surface layer is CaCO 3 or Ca(OH) 2 formed after calcination. The quicklime particle is heated up by the contact with the molten slag during immersion. As the increase in temperature in the quicklime particle propagates from the surface to the inside, the Ca(OH) 2 and/or CaCO 3 surface layer decomposes first. During this decomposition, H 2 O and/or CO 2 gas is emitted from the quicklime particle, and slag foaming is observed. This phenomenon corresponds to the first foaming. When the central part of the quicklime particle reaches a certain temperature, the CaCO 3 core decomposes next and CO 2 gas forms again. This phenomenon corresponds to the second foaming. As mentioned above, both, first and second foaming were not observed when the preheated lime (0%-CO 2 ) was dissolved. This result indicates that gas components are completely removed during the preheating treatment. Hence, both, the first and second foamings were observed when 2, 4, and 9%-CO 2 quicklime particles were dissolved in the molten slag. Consequently, this result indicates that the existence of a CaCO 3 core is important for a rapid dissolution of quicklime.
The weight distribution of the CaCO 3 cores from the particle shown in Fig. 4 indicates that half of the quicklime particles had no CaCO 3 core. In other words, the second foaming might not occur and the dissolution rate should be slow for half of the quicklime particles. The results of the dissolution experiments support this hypothesis; for example, a sample (1.90 g in Fig. 7(b) ) showed a similar dissolution rate as preheated lime shown in Fig. 7(a) . In this case, the second foaming was not observed; and the quicklime particle might not have had a CaCO 3 core. Therefore, if the size of a quicklime particle is large, and it has no CaCO 3 core, it takes a long time to dissolve completely. In consequence, a large quicklime particle without a core is considered to still exist after the refining. Therefore, in the quicklime production process, control of the limestone decomposition is important to ensure the availability of a suitable amount of CaCO 3 in all quicklime particles, which enables a rapid and complete dissolution of quicklime in the slag. Though the reactivity of quicklime in molten slag has been evaluated by water or acid reactivity tests, 29, 30) the results obtained in this study indicate that the CO 2 content in quicklime is one of the controlling factors for quicklime dissolution in the molten slag. Quicklime used in this study was produced by a rotary kiln process, and the particular CO 2 content of each quicklime particle used in a dissolution test was not clear as shown in Fig. 3 . Therefore, though average CO 2 contents had been determined. Therefore, the suitable CO 2 content is hard to determine from our experiments at this stage and thus, it is necessary to clarify the effect of CO 2 content on the dissolution rate of quicklime by using quicklime particles, which allow a precise control of the CO 2 content in each particle.
Conclusions
The characteristic weight, dissolution rate, and behavior of three grades of quicklime and preheated quicklime in molten slag were investigated and the following findings were obtained:
(1) The weight of quicklime particles produced by rotary kiln varied widely and a log-normal distribution could express the weight distribution of quicklime particles.
(2) The quicklime particles had a three-layered structure; a CaCO 3 core in the center of a quicklime particle, CaO as the middle layer, and a CaCO 3 and/or Ca(OH) 2 layer at the surface.
(3) The CO 2 content in individual quicklime particles was distributed in the range from 0 to 20% in the case of the average CO 2 content being 2 or 4%. Half of the quicklime particles had no CaCO 3 core. On the other hand, the CO 2 content in 9% grade quicklime particles was distributed from 0 to 50%, and 90% of quicklime particles had a CaCO 3 core.
(4) The dissolution of quicklime in the molten slag proceeded with two occurrences of gas formation due to the thermal decomposition of CaCO 3 and Ca(OH) 2 .
(5) The second foaming enhanced the dissolution of quicklime, which is caused by the thermal decomposition of the CaCO 3 core existing at the center of the quicklime particles. The dissolution rate during the second foaming had similar value regardless of the weight of a particle and the grade of the quicklime.
(6) The dissolution rate obtained in this study is varied, because the weight ratio of the CaCO 3 core also varied within the samples from the same grade of quicklime. Thus, the optimum CO 2 content in quicklime is not clear at this stage and an in-depth investigation with control of the CO 2 content of individual quicklimes particles is necessary.
(7) For the rapid and complete dissolution of quicklime during the steel refining process, the existence of a CaCO 3 core in each quicklime particle is important and there is still room for improvement in the operating conditions of the quicklime production, in order to control the CO 2 content in each quicklime particle.
